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Histone H1 is an essential chromatin component.
Metazoans usually contain multiple stage-specific
H1s. In particular, specific variants replace somatic
H1s during early embryogenesis. In this regard,
Drosophila was an exception because a single dH1
was identified that, starting at cellularization, is de-
tected throughout development in somatic cells.
Here, we identify the embryonic H1 of Drosophila,
dBigH1. dBigH1 is abundant before cellularization
occurs, when somatic dH1 is absent and the zygotic
genome is inactive. Upon cellularization, when the
zygotic genome is progressively activated, dH1 re-
places dBigH1 in the soma, but not in the primordial
germ cells (PGCs) that have delayed zygotic genome
activation (ZGA). In addition, a loss-of-function
mutant shows premature ZGA in both the soma
and PGCs. Mutant embryos die at cellularization,
showing increased levels of active RNApol II and
zygotic transcripts, along with DNA damage and
mitotic defects. These results show an essential
function of dBigH1 in ZGA regulation.
INTRODUCTION
Linker histone H1 is a main component of eukaryotic chromatin,
which binds to the nucleosome at the site where internucleoso-
mal DNA enters and exits the nucleosomal core particle. Histone
H1 has an important structural role because it promotes folding
of the nucleosomes into a higher-order chromatin structure
known as the 30 nm chromatin fiber (Bassett et al., 2009; Happel
and Doenecke, 2009; Kasinsky et al., 2001; Ramakrishnan,
1997a, 1997b; Robinson and Rhodes, 2006; van Holde and
Zlatanova, 1996; van Holde, 1989). An important characteristic
of histone H1 is its high heterogeneity, as most species contain
multiple H1 variants that play redundant as well as specific
functions during development and differentiation (Clarke et al.,
1998; Godde and Ura, 2009; Happel and Doenecke, 2009; Izzo
et al., 2008; Khochbin, 2001; Marin˜o-Ramı´rez et al., 2006). In578 Developmental Cell 26, 578–590, September 30, 2013 ª2013 Elsparticular, several early embryonic and germline-specific H1 var-
iants have been reported in metazoans. For instance, in humans,
mice, and rats, one oocyte-specific (H1oo) and three testis-
specific (H1t, H1T2, and HILS1) H1 variants have been identified
(Clarke et al., 1998; Godde and Ura, 2009; Happel and Doe-
necke, 2009; Izzo et al., 2008; Khochbin, 2001). After fertilization,
the oocyte-specific H1oo variant is retained in the early embryo,
and is the only H1 variant that is present until the four-cell stage,
when the somatic variants reappear (Fu et al., 2003). Similarly, in
Xenopus, the oocyte-specific H1 variant (B4/H1M) persists
during early embryogenesis (Smith et al., 1988) and remains
the predominant H1 until the midblastula transition (Dimitrov
et al., 1993). Early embryonic H1 variants have also been re-
ported in the zebrafish (H1M) (Mu¨ller et al., 2002; Wibrand and
Olsen, 2002) and several invertebrate species, such as the
midge Chironomus thummi (H1 I-1) (Trieschmann et al., 1997),
the mud snail Ilyanassa obsolata (Flenniken and Newrock,
1987), and the sea urchin (CS-H1) (Mandl et al., 1997; Poccia,
1986). These observations suggest that, both during early
embryogenesis and in the germline, the replacement of somatic
H1s by specific variants is a conserved trait in metazoans. Little
is known, however, about the functional properties of these
variants, as only a few genetic studies have been reported. In
this regard, it was shown that inactivation of the H1t gene in
mice does not impair normal spermatogenesis (Drabent et al.,
2000; Lin et al., 2000) because other H1 variants compensate
for its absence (Lin et al., 2004), whereas deletion of H1T2
severely reduces fertility and causes multiple morphological
abnormalities (Martianov et al., 2005). On the other hand,
in vitro studies showed that both H1t and B4/H1M have a
reduced affinity for nucleosomes and condense chromatin to a
lower extent than somatic H1s (Becker et al., 2005; De Lucia
et al., 1994; Khadake and Rao, 1995; Talasz et al., 1998; Tera-
nishi et al., 2004).
In Drosophila melanogaster, histone H1 complexity is much
reduced, since previous studies identified a single somatic
dH1 variant (Lifton et al., 1978; Nagel and Grossbach, 2000)
that plays a crucial role in maintaining heterochromatin
structure, transposon silencing, and genome stability (Lu et al.,
2009; Siriaco et al., 2009; Vujatovic et al., 2012). Here, we
identify an early embryonic and germline-specific H1 variant of
D. melanogaster, dBigH1. During early embryogenesis, dBigH1
is very abundant prior to cellularization, which marks the timeevier Inc.
BA
C
Figure 1. CG3509 Encodes the Early Embryonic Histone H1 Variant of Drosophila, dBigH1
(A) Sequence comparison of dBigH1with somatic dH1 and hH1.2. Identical and similar residues present in at least two sequences are indicated in black and gray,
respectively. Acidic residues located in the N-terminal domain are indicated in red. The box corresponds to the central globular domain (see also Figure S1A).
(B) Relative dBigH1 mRNA abundance is presented at different developmental stages according to data generated by the modENCODE project (Graveley
et al., 2011).
(C) dBigH1 levels were analyzed by western blot with adBigH1 antibodies (1:5,000) in total extracts prepared at different developmental stages (top) and
from gonads of adult flies (bottom): 0–2 hpf (lane 1) and 4–6 hpf (lane 2) embryos; first (lane 3) and third (lane 4) instar larvae; pupae (lane 5); and ovaries (lane 6)
and testes (lane 7) from adult flies. The signals obtained with aH3 (1:2,000; top) and ab-Tubulin (1:5,000; bottom) antibodies were used as loading controls for
normalization. See Figures S1B and S1C for characterization of the adBigH1 antibodies.
See also Table S1.
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Embryonic dBigH1 Regulates ZGA in Drosophilaof the maternal-to-zygotic transition (MZT), during which the
maternal contribution declines and transcription of the zygotic
genome is progressively activated (reviewed in Tadros and Lip-
shitz, 2009; Walser and Lipshitz, 2011). Upon cellularization,
dBigH1 is replaced by somatic dH1 in the soma, but not in the
primordial germ cells (PGCs) that have a delayed zygotic
genome activation (ZGA) and at this stage remain transcription-
ally quiescent (Hanyu-Nakamura et al., 2008; Nakamura et al.,
2010; Seydoux and Dunn, 1997; Strome and Lehmann, 2007).
Genetic analyses confirmed the contribution of dBigH1 to ZGA
regulation, as a loss-of-function bigH1100 mutation shows
premature ZGA in both the soma and the PGCs.
RESULTS
CG3509 Encodes the Early Embryonic Histone H1
Variant of Drosophila, dBigH1
A search for Drosophila proteins homologous to somatic dH1
identified the product of CG3509 as a histone H1-like protein,Developmenwhich we named dBigH1 for its high molecular weight in com-
parison with dH1 (Figure 1). Histone H1s have a characteristic
three-domain organization consisting of a central globular
domain of70 amino acids flanked by a short N-terminal domain
of 40 amino acids and a longer C-terminal domain of 110
amino acids. The central globular domain is highly conserved
among all H1 variants and has a characteristic winged helix
motif. On the other hand, the N- and C-terminal domains are
less well conserved, being enriched in positively charged lysine
(K) residues. In addition, the C-terminal domain is also enriched
in serine (S) and proline (P) residues. dBigH1 has this character-
istic tripartite structure (Figure 1A), with the central globular
domain showing a high degree of homology with respect to
dH1 (57% similarity), which is similar to the homology between
the central domains of dH1 and human hH1.2 (59% similarity;
Figure 1A). The C-terminal domain is also conserved, albeit to
a lesser extent (35%similarity to dH1). In contrast, the N-terminal
domain of dBigH1 is much longer than usual (103 amino acids)
and, instead of being K rich, is highly enriched in negativelytal Cell 26, 578–590, September 30, 2013 ª2013 Elsevier Inc. 579
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Figure 2. dBigH1 Is Present in Both Somatic
Cells and PGCs during Early Embryogenesis
and Is Retained Only in the PGCs upon
Cellularization
Immunostaining with adBigH1 antibodies (1:400;
in red) is presented for embryos at different stages
of development: (A) preblastoderm stage 1 (left)
and stage 2 (right); (B) syncytial blastoderm stage
3 (left) and stage 4 (center), and cellular blastoderm
stage 5 (right); and (C) early gastrula stage 6
(left; lateral view), at germband elongation stage 8
(center; lateral view) and at germband retraction
stage 12 (right, ventral view). Arrows indicate the
PGCs. DNA was stained with DAPI (in blue). See
Figure S2 for immunostaining throughout the
cell cycle and in ovaries and testes.
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Embryonic dBigH1 Regulates ZGA in Drosophilacharged aspartic (D) and glutamic (E) residues, which account
for 38% of the residues and form acidic tracts, particularly
at the furthermost N-terminal region (Figure 1A; Figure S1A
available online). As a consequence of the lack of conservation
of the N-terminal domain, dBigH1 has a relatively low overall
homology to dH1 (30%similarity). According to data generated
by the modENCODE project (Graveley et al., 2011), dBigH1
messenger RNA (mRNA) levels are very high during early
embryogenesis (0–2 hr postfertilization [hpf]), strongly decline
at gastrulation (4–6 hpf), and remain very low for the rest of
embryogenesis as well as during larvae and pupae development
(Figure 1B). Western blot analyses confirmed these results,
as dBigH1 was abundant in early 0–2 hpf embryos but was
barely detectable at gastrulation (4–6 hpf embryos) and larval
and pupal stages (Figure 1C).
Next, we performed immunolocalization experiments to
determine the pattern of dBigH1 localization during embryo580 Developmental Cell 26, 578–590, September 30, 2013 ª2013 Elsevier Inc.development. As shown in Figure 2,
dBigH1 is detected all throughout early
embryo development, from preblasto-
derm stages (Figure 2A) to syncytial and
cellular blastoderm stages (Figure 2B).
At these stages, dBigH1 is found to be
associated with chromatin throughout
the cell cycle (Figure S2A), being present
in both the somatic cells and the PGCs
that differentiate at the posterior pole dur-
ing the syncytial blastoderm stages
(indicated by arrows in Figures 2B and
2C). Upon cellularization, dBigH1 is no
longer detected in the somatic cells.
However, it remains detectable in the
PGCs during gastrulation, when they
first move dorsally (Figure 2C, left), and
then, upon germband elongation, migrate
anteriorly (Figure 2C, center) and later,
upon germband retraction, move posteri-
orly again and split into two groups (Fig-
ure 2C, right).
dBigH1 is also present in the gonads
of adult flies, being more abundant in
ovaries than in testes (Figures 1B and1C). Immunolocalization experiments confirmed the presence
of dBigH1 in gonads. In ovaries, a strong adBigH1 signal is
detected in the oocyte and, at late developmental stages, in
the nurse cells (nc) proximal to the oocyte (Figure S2B). In testes,
dBigH1 expression is strong in spermatocytes (Figure S2C).
dBigH1 Localizes throughout Chromatin and Is
Replaced by Somatic dH1 at Cellularization
Usually, histone H1s are uniformly distributed across chro-
matin, bind nucleosomes, and regulate nucleosomal spacing.
To analyze whether dBigH1 has these characteristic properties,
we performed immunoprecipitation (IP) experiments using
chromatin prepared from early 0–2 hpf embryos. Chromatin IP
sequencing (ChIP-seq) experiments indicate that dBigH1 is
uniformly distributed throughout chromatin, as the retrieved
sequences map across the complete genome and no specif-
ically enriched or depleted regions are detected. Figure 3A
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Figure 3. dBigH1 Shows Characteristic Features of a Histone H1
(A) Crosslinked chromatin prepared from 0–2 hpf embryos was immunoprecipitated with adBigH1 antibodies and analyzed by ChIP-seq. The coverage profile
across a representative genomic region is presented.
(B) Nucleosomal particles prepared by MNase digestion of nuclei from 0–2 hpf embryos were subjected to IP with adBigH1 (lanes 2) or with unrelated aDDP1
(lane 3) antibodies, and the protein content of the IP material was analyzed by western blot with adBigH1 (1:5,000), aH3 (1:2,000), and aH4 (1:5,000) antibodies.
Lane 1 corresponds to 10% of the input.
(C) As in (B), except that the DNA content of the IP material was analyzed by agarose gel electrophoresis. Lane 1 corresponds to 10% of the input. The position of
selected molecular weight markers (M) are indicated (in bp).
(D) Nuclei prepared from control WT and mutant bigH1100 embryos (0–2 hpf) were digested with MNase for increasing times (lanes 1–4) and the resulting
nucleosomal DNA ladders were analyzed by agarose gel electrophoresis. The position of selected molecular weight markers (M) are indicated (in bp). The
nucleosome repeat length, determined as the difference between the size of the dinucleosome and the size of the mononucleosome, is also indicated (in bp).
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dBigH1 across a randomly selected 120 kb region. Next, to
address whether dBigH1 binds nucleosomes, we digested
nuclei from early 0–2 hpf embryos with micrococcal nuclease
(MNase) and directly subjected the resulting nucleosomal parti-
cles to IP with adBigH1 antibodies without any protein-DNA
crosslinking. As shown in Figure 3, adBigH1 antibodies
efficiently immunoprecipitate nucleosomes, since both nucleo-
somal DNA (Figure 3C) and the core histones H3 and H4 (Fig-
ure 3B) are detected in the immunoprecipitated material. Finally,
to address whether dBigH1 regulates nucleosomal spacing, we
carried out MNase digestion of nuclei prepared from control
wild-type (WT) and mutant bigH1100 embryos. As described
below, bigH1100 is a loss-of-function mutation that shows very
strong lethality during early embryogenesis (see also Experi-
mental Procedures). Thus, in these experiments, mutant
bigH1100 embryos subjected to MNase digestion were a mixture
of homozygous and heterozygous bigH1100 embryos, as theyDevelopmenwere obtained from crosses between heterozygous bigH1100/
TM6b parents. Therefore, these analyses reflect the effect of
reducing the maternal dBigH1 dose on the structural
organization of chromatin in the embryo. As shown in Figure 3D,
mutant bigH1100 embryos show a shorter nucleosome repeat
length compared with the control WT embryos.
Somatic H1 variants are absent during early embryogenesis.
In particular, in Drosophila, somatic dH1 is expressed at cellula-
rization and is absent at earlier developmental stages (Becker
and Wu, 1992; Elgin and Hood, 1973; Ner and Travers, 1994;
Figure 4A). This is precisely the opposite of what is observed
for dBigH1 (Figure 2), which suggests that dBigH1 is replaced
by somatic dH1 at cellularization. Western blot analyses
are consistent with this hypothesis (Figure 4B). In these
experiments, we prepared crosslinked chromatin at different
stages of embryo development and at larval and pupal stages,
and determined the presence of dBigH1 and dH1 in the
crosslinked chromatin by western blot. Somatic dH1 levelstal Cell 26, 578–590, September 30, 2013 ª2013 Elsevier Inc. 581
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Figure 4. dBigH1 Is Replaced by dH1 at Cellularization
(A) Immunostaining with adH1 antibodies (1:8,000, in green) is presented for syncytial blastoderm stage 4 (left) and cellular blastoderm stage 5 (right) embryos.
Arrows indicate the PGC. DNA was stained with DAPI (in blue).
(B) Crosslinked chromatin was prepared at different developmental stages and analyzed by western blot with adBigH1 (1:5,000) and adH1 (1:20,000) antibodies.
Lane 1: 0–2 hpf embryos; lane 2: 2–4 hpf embryos; lane 3: 16–20 hpf embryos; lane 4: 20–24 hpf embryos; lane 5: first instar larvae; lane 6: third instar larvae;
lane 7: pupae. The signal obtained with aH3 (1:2,000) was used as a loading control for normalization.
(C) dBigH1 and dH1 occupancy at the indicated loci in 0–2 hpf (black) and 4–6 hpf (white) embryos was determined by ChIP-qPCR. Results are presented
as normalized % of input.
(D) Immunostaining with adBigH1 (1:400; in red) and mouse aPol IIoser2 (1:400; in green) antibodies is presented for cellular blastoderm stage 5 embryos.
An enlarged image of the indicated region is shown at the bottom. Arrows indicate the PGC. DNA was stained with DAPI (in blue).
See also Figure S3.
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increase sharply at cellularization (Figure 4B, lane 2), and then
remain rather constant (Figure 4B, lanes 3–7). On the other
hand, dBigH1 is very abundant in 0–2 hpf embryos (Figure 4B,
lane 1; see also Figure 1C), strongly decreases at cellularization
(Figure 4B, lane 2), and then is no longer detected (Figure 4B,
lanes 3–7; see also Figure 1C). To further confirm these results,
we performed ChIP quantitative PCR (ChiP-qPCR) experiments
to determine differential dBigH1/dH1 occupancy at different
loci before and after cellularization. For this purpose, crosslinked
chromatin from 0–2 and 4–6 hpf embryos was immunopre-
cipitated with adBigH1 or adH1 antibodies, and the presence
of dBigH1 and dH1 in the indicated regions was determined
by qPCR. In all cases, dBigH1 occupancy is strongly decreased
in 4–6 hpf embryos in comparison with 0–2 hpf embryos,
whereas dH1 occupancy increases (Figure 4C). Prior to cellu-
larization, two dBigH1 bands are detected by western blot582 Developmental Cell 26, 578–590, September 30, 2013 ª2013 Els(Figure 4B, lane 1). The slow-migrating band is sensitive to treat-
ment with alkaline phosphatase (not shown), indicating that it
corresponds to a phosphorylated dBigH1 isoform. Consistent
with this hypothesis, proteome analyses of embryonic extracts
identified several phosphorylation sites in dBigH1 (Zhai et al.,
2008). Notice that, at cellularization, when somatic dH1 replaces
dBigH1, only the fast-migrating unphosphorylated form is
detected (Figure 4B, lane 2).
dBigH1 Is Essential for Early Embryo Development
Next, we performed genetic analyses to determine the functional
contribution of dBigH1 to development. For this purpose, we
generated a loss-of-function bigH1100 mutation through the
mobilization of a P element inserted into the 50 UTR (see Exper-
imental Procedures for details). This mutation shows high
lethality during embryogenesis, as no homozygous bigH1100
larvae, pupae, or adult flies are detected in crosses betweenevier Inc.
Table 1. Viability of the bigH1100 Mutation
Cross Cellular Blastoderm Larvae Pupae Adult
Female 3 Male N Ex Ob V(%) N Ex Ob V(%) N Ex Ob V(%) N Ex Ob V(%)
bigH1100/TM6b 3 bigH1100/TM6b ND ND ND ND 200 100 0 0 200 100 0 0 200 100 0 0
bigH1100/TM3-ftz-LacZ 3 bigH1100/TM3-ftz-LacZ 102 >25 2 <8 ND ND ND ND ND ND ND ND 200 100 0 0
GAL4-nos.NGT/+;
bigH1100/TM6b
3 UAS-dBigH1/+;
bigH1100/TM6b
ND ND ND ND ND ND ND ND 563 134 26 19.4 563 134 26 19.4
GAL4-nos.NGT/ UAS-
dBigH1; bigH1100/TM6b
3 bigH1100/TM6b ND ND ND ND ND ND ND ND 112 56 0 0 112 56 0 0
GAL4-nos.NGT/+;
bigH1100/EP
3 bigH1100/TM6b ND ND ND ND ND ND ND ND 158a >79b 76c 0 158a >79b 76c 0
The viability of homozygous bigH1100mutants in the indicated crosses was determined at different stages of development. Abbreviations used: Ex and
Ob, expected (determined as half of the heterozygous individuals scored) and observed numbers of homozygous bigH1100 mutants in the cross,
respectively; N, total number of individuals scored in the cross; ND, not determined; V, viability (%) of homozygous bigH1100 mutants in the cross.
aTotal number of TM6b individuals scored in the cross.
bNumber of non-TM6b individuals expected for 0% viability of homozygous bigH1100 mutants in the cross.
cObserved number of non-TM6b individuals in the cross.
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analyze bigH1100 lethality during embryogenesis, we performed
crosses between heterozygous bigH1100/TM3-ftz-LacZ parents
that carry an ftz-LacZ reporter to discriminate homozygous
bigH1100 embryos, which are aLacZ negative, from heterozy-
gous ones, which are aLacZ positive. Homozygous bigH1100
embryos show strong lethality at cellularization, as <2% of
cellular blastoderm embryos (stage 5/6) were negative to aLacZ
(2/102), which corresponds to >92% lethality (Table 1). At this
stage, aLacZ staining is highly reliable, since in control crosses
between heterozygous +/TM3-ftz-LacZ parents, we detected
30% (48/160) of aLacZ-negative embryos, which is very close
to the expected proportion of +/+ embryos in the cross. It should
be noted that lethality could not be determined at earlier devel-
opmental stages because ftz-LacZ, like any genetic reporter in
general, is not efficiently expressed before cellularization, and
therefore homozygous embryos cannot be unambiguously
identified.
Concomitantly with high lethality, we also detected strong
developmental defects, such as highly asynchronous divisions
and altered nuclei distribution, in homozygous embryos derived
from heterozygous bigH1100/TM6b parents (Figure 5A). Embryos
with these defects accumulate during blastoderm stages and
show signs of intense DNA damage, as they are strongly
reactive with agH2Av (Figure 5B). These cleavage defects,
which are not detected in control +/TM6b crosses (N = 200),
appear to be restricted to homozygous bigH1100 embryos since
they are observed in 22% (N = 380) of total blastoderm embryos,
which is close to the expected proportion in these crosses.
Consistent with this hypothesis, no cleavage defects are
observed in embryos derived from heterozygous bigH1100/
TM6b females crossed to WT males (N = 200) and the total
offspring obtained in these crosses is similar to that observed
in control crosses performed with WT females (62 and 69 adults
per female, respectively). In addition, despite receiving identical
maternal dBigH1 doses, embryos with cleavage defects show
decreased adBigH1 reactivity in comparison with normal
embryos (Figure 5A). Both decreased adBigH1 staining and
increased agH2Av reactivity correlate strongly with mitotic de-
fects because they are observed in 100% (N = 86) and 97%Developmen(N = 75) of defective embryos and no mitotic defects are
detected in embryos that show normal adBigH1 staining (N =
200). Altogether, these results suggest that the bigH1100 muta-
tion has a major zygotic component, since homozygous
bigH1100 embryos, which cannot sustain zygotic dBigH1 ex-
pression, show reduced dBigH1 content, a high incidence of
mitotic defects, and strong lethality at cellularization. Consistent
with this hypothesis, the viability of homozygous bigH1100 flies
is significantly rescued by zygotic expression of an ectopic
UAS-dBigH1 construct. In these experiments, heterozygous
UAS-dBigH1/+; bigH1100/TM6b males were crossed to hetero-
zygous GAL4-nos.NGT/+; bigH1100/TM6b females, which carry
the maternal GAL4-nos.NGT driver, to specifically induce
GAL4 expression in the ovaries and thus provide a maternal
GAL4 dose that was shown to induce partial zygotic activation
of UAS constructs in syncytial blastoderm stage 4 embryos
at cycles 12/13 (Tracey et al., 2000). As shown in Table 1,
zygotic dBigH1 expression significantly increases the viability
of homozygous bigH1100 flies, which in these crosses account
for 4.6% of total adult flies (26/563). This corresponds to an
19.5% viability, compared with 0% viability observed in the
absence of zygotic dBigH1 expression. Concomitantly, the inci-
dence ofmitotic defects is similarly reduced by20%, from22%
in the absence of zygotic dBigH1 expression to 17% (N = 236)
when dBigH1 is expressed zygotically. On the other hand,
maternal dBigH1 expression does not significantly rescue the
viability of homozygous bigH1100 flies (Table 1), as shown
when heterozygous bigH1100/TM6b males are crossed to
GAL4-nos.NGT/UAS-dBigH1; bigH1100/TM6b females, where
ectopic UAS-dBigH1 expression is specifically induced in the
ovaries, resulting in significant rescue of the maternal dBigH1
mRNA content to 80% of the WT content (Figure S5B). Note
that in these experiments, zygotic rescue was not observed,
indicating that when the UAS-dBigH1 construct is provided
maternally, the efficiency of zygotic rescue is significantly
lower (<9%) than when the construct is inherited from males
(19.5%). Similar maternal rescue experiments were performed
with GAL4-nos.NGT/+; bigH1100/P{EP}CG3509G18579 females,
where the UAS sequences contained in the P-element inser-
tion of the P{EP}CG3509G18579 line specifically induce dBigH1tal Cell 26, 578–590, September 30, 2013 ª2013 Elsevier Inc. 583
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Figure 5. Mutant bigH1100 Embryos with Mitotic Defects Show Reduced dBigH1 Content, Intense DNA Damage, and Altered aPol IIoser2
Reactivity
(A) Immunostaining with adBigH1 antibodies (1:400, in red) is presented for embryos showing mitotic defects (right) and normal embryos with no detectable
defects (left) obtained from the same crosses between bigH1100/TM6b parents.
(B and C) As in (A), except that immunostaining was performed with agH2Av antibodies (1:200) and rabbit aPol IIoser2 (1:400, red) antibodies, respectively. DNA
was stained with DAPI (blue). See Figure S5 for a characterization of bigH1100.
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UTR regulatory elements (Figure S5B). As shown in Table 1,
these experiments also failed to detect any increased viability
of homozygous bigH1100 flies.
dBigH1 Prevents Premature Zygotic Genome Activation
In addition to intense DNA damage, embryos with cleavage
defects show an altered immunostaining pattern with antibodies
against the elongating active Pol IIoser2 form (Figure 5C), which,
similarly to the decreased adBigH1 staining and increased
agH2Av reactivity, correlates strongly with mitotic defects
(89%, N = 90). Altered aPol IIoser2 reactivity suggests a defect
in transcription regulation. This possibility is most interesting
because during early embryogenesis, the zygotic genome is
transcriptionally inactive and gene expression is largely depen-
dent on maternally deposited products until, at blastoderm
stages, the MZT takes place. The MZT involves both activation
of the zygotic genome (ZGA) and degradation of maternal prod-
ucts. ZGA is completed at cellularization (Tadros and Lipshitz,
2009; Walser and Lipshitz, 2011), which is precisely when
dBigH1 is replaced by somatic dH1 (Figure 4), suggesting a
contribution of dBigH1 to ZGA regulation. One can analyze the
ZGA by determining the active RNApol II levels, in particular584 Developmental Cell 26, 578–590, September 30, 2013 ª2013 Elsthose of the elongating Pol IIoser2 form. As reported earlier
(Seydoux and Dunn, 1997), in WT embryos, aPol IIoser2 reactivity
is low at early blastoderm stages and progressively increases
during cellularization (Figure S3). Consistent with a contribution
to ZGA, at cellularization, dBigH1 is first removed from euchro-
matin, which is rich in Pol IIoser2, and is retained in heterochro-
matin, which locates apically and is poor in Pol IIoser2 (Figure 4D).
Furthermore, in mutant bigH1100 embryos, significant aPol IIoser2
reactivity is detected at early blastoderm stages (Figure 6A, right)
and, though with very low frequency, in preblastoderm embryos
(Figure 6A, left). Western blot analyses of total embryo extracts
confirmed these results, since in comparison with WT embryos,
increased Pol IIoser2 levels were detected in extracts prepared
from both preblastoderm (0–1 hpf) and blastoderm (1–2 hpf)
mutant bigH1100 embryos (Figure 6B). Western blot analyses
performed using crosslinked chromatin prepared from 0–2 hpf
embryos detected a similar Pol IIoser2 increase in mutant
bigH1100 embryos (Figure 6C), indicating that excess Pol IIoser2
is actually bound to chromatin. We also observed increased
levels of the promoter-proximal Pol IIoser5 active form in mutant
bigH1100 with respect to WT embryos (Figure S4). In this case,
however, aPol IIoser5 reactivity in WT embryos was detected at
earlier developmental stages (Seydoux and Dunn, 1997), whichevier Inc.
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Figure 6. Mutant bigH1100 Embryos Show Premature ZGA
(A) Immunostaining with rabbit aPol IIoser2 (1:400; in red) antibodies is presented for control WT and mutant bigH1100 embryos at late preblastoderm stage 2 (left)
and syncytial blastoderm stage 4 (right). DNA was stained with DAPI (in blue).
(B) Pol IIoser2 levels were analyzed by western blot with rabbit aPol IIoser2 antibodies (1:5,000) in total extracts prepared from control WT (lane 1) and mutant
bigH1100 (lane 2) embryos collected 0–1 hr (left) and 1–2 hr (right) after fertilization. The signal obtained with a-Tubulin (1:5,000) antibodies was used as the loading
control for normalization.
(C) Crosslinked chromatin prepared from controlWT (lane 1) andmutant bigH1100 (lane 2) embryos collected 0–2 hr after fertilizationwas analyzed bywestern blot
with rabbit aPol IIoser2 (1:5,000) antibodies. The signal obtained with aH3 (1:2,000) antibodies was used as the loading control for normalization.
(D) Expression levels of seven zygotic genes in control WT (lane 1) and mutant bigH1100 (lane 2) embryos collected 0–2 hr after fertilization were determined by
qRT-PCR. Expression levels were determined with respect to b-Tubulin expression and normalized with respect to WT. Error bars are SD.
See also Figure S4.
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moters of many developmental genes (Muse et al., 2007; Zeitlin-
ger et al., 2007), and the increase in the mutant was weaker than
that observed for Pol IIoser2. These results indicate that zygotic
transcription is prematurely activated in bigH1100 mutant em-
bryos. qRT-PCR experiments further confirmed this hypothesis.
In these experiments, we determined the expression of seven
zygotic genes in early 0–2 hpf WT andmutant bigH1100 embryos.
Notice that in contrast to maternal genes, which have a strong
maternal contribution, the expression of zygotic genes during
early embryogenesis directly reflects activation of zygotic tran-
scription. As shown in Figure 6D, the seven zygotic genes
analyzed show a significantly higher expression in bigH1100 in
comparison with WT embryos.
The results described above show that dBigH1 regulates ZGA
in somatic cells, but they are not informative about a similar
contribution in the PGCs, which account for only a very minor
proportion of total embryonic cells (0.2%). Immunostaining
experiments strongly suggest that dBigH1 also regulates ZGA
in the PGCs. At cellularization, when dBigH1 is replaced inDevelopmensomatic cells, it is retained in the PGCs (Figure 1) that have a de-
layed ZGA with respect to somatic cells, showing no detectable
aPol IIoser2 reactivity (Figure 7A, left; see also Figures 4D and S3)
(Hanyu-Nakamura et al., 2008; Nakamura et al., 2010; Seydoux
and Dunn, 1997; Strome and Lehmann, 2007). However, at
this stage, mutant bigH1100 embryos show strong aPol IIoser2
(Figure 7A, right) and aPol IIoser5 (Figure S4A) reactivity in the
PGCs that concomitantly show intense agH2Av reactivity
(Figure 7B).
DISCUSSION
Here, we have identified the early embryonic histone H1 variant
of Drosophila, dBigH1. H1 variants that specifically replace
somatic H1s during early embryogenesis have been reported
in most metazoan species analyzed to date (Clarke et al.,
1998; Flenniken and Newrock, 1987; Godde and Ura, 2009;
Happel and Doenecke, 2009; Izzo et al., 2008; Khochbin, 2001;
Mandl et al., 1997; Mu¨ller et al., 2002; Poccia, 1986; Smith
et al., 1988; Trieschmann et al., 1997; Wibrand and Olsen,tal Cell 26, 578–590, September 30, 2013 ª2013 Elsevier Inc. 585
A B Figure 7. Mutant bigH1100 Embryos Also
Show Premature ZGA at the PGC
(A) Immunostaining with rabbit aPol IIoser2 (1:400,
in red) antibodies is presented for control WT and
mutant bigH1100 embryos. Enlarged images of the
PGC are shown. Arrows indicate the PGC. DNA
was stained with DAPI (in blue).
(B) Immunostaining with agH2Av antibodies
(1:200, in red) is presented for control WT and
mutant bigH1100 embryos. Enlarged images of the
PGC are shown. Arrows indicate the PGC. DNA
was stained with DAPI (in blue).
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Embryonic dBigH1 Regulates ZGA in Drosophila2002). Up to now, Drosophila has been a remarkable exception
to this general rule, since a single dH1 variant was identified
that, starting at cellularization, is detected throughout develop-
ment in somatic cells (Becker and Wu, 1992; Elgin and Hood,
1973; Ner and Travers, 1994). In this regard, HMGD was pro-
posed to act as an early embryonic linker binding protein that
plays a structural role similar to that of dH1 (Ner and Travers,
1994). Subsequent work challenged this hypothesis, since null
hmgD mutants are viable and show normal nuclear morphology
and no detectable mitotic defects (Ragab et al., 2006), in
contrast to the strong mitotic defects and high early embryonic
lethality of bigH1100 mutants. dBigH1 shows characteristic
features of a histone H1: (1) it has a tripartite structure with
significant homology to dH1, particularly at the central and
C-terminal domains; (2) it localizes throughout chromatin; (3) it
binds nucleosomes; and (4) it regulates nucleosomal spacing.
Like other embryonic H1s, dBigH1 is very abundant during early
embryogenesis, is replaced by dH1 at cellularization, and then is
no longer detected except in germline cells. In adults, dBigH1 is
abundant in ovaries, which is common to most other early
embryonic H1s studied. In addition, dBigH1 is also detected in
testes. The presence of specific H1s during male spermatogen-
esis has been studied in some detail only in mammals, in which
several male-specific H1s, but no embryonic H1oo variant, have
been identified (Clarke et al., 1998; Godde and Ura, 2009;
Happel and Doenecke, 2009; Izzo et al., 2008; Khochbin,
2001). Whether the presence of embryonic H1s during sper-
matogenesis is a peculiarity of Drosophila or is conserved in
other eukaryotes remains to be determined.586 Developmental Cell 26, 578–590, September 30, 2013 ª2013 Elsevier Inc.dBigH1 is highly conserved in
Drosophila, from D. grimshawi to
D. simulans (Figure S1A). An unusual
feature of dBigH1 in comparison with so-
matic dH1 is its relative enrichment in
acidic residues (17.8% versus 4.7%,
respectively) in D. melanogaster (Table
S1). In part, this enrichment is due to the
acquisition of a highly acidic domain at
the N-terminal tail that occurred before
the D. obscura and D. melanogaster
groups separated >30 million years ago
(Figures 1 and S1A). In D. melanogaster,
more than half of the residues in this extra
domain are acidic, and the complete
N-terminal tail shows an 5-fold excess
of acidic versus basic residues (37.9% versus 7.7%, respec-
tively), which is in contrast to the net enrichment in basic resi-
dues of somatic dH1 (Table S1). The N-terminal tail of dBigH1
from ancient Drosophila species (i.e., D. willistoni), which lack
the extra domain mentioned above (Figure S1A), are also
enriched in acidic residues, albeit to a lesser extent (Table S1).
In fact, embryonic H1s from other lineages are also more acidic
than their somatic counterparts (Table S1), indicating that
increased content in acidic residues is a conserved feature of
embryonic H1s. However, this enrichment can be detected at
either the N-terminal tail (as in Drosophila [sea urchin CS-H1])
or the C-terminal tail (Xenopus B4, mammalian H1oo), or at
both the N- and C-terminal tails (Zebra fish H1M). Notice that
in parallel to the increased acidic content, embryonic H1s also
show a decreased content in basic residues at both the N- and
C-terminal tails (Table S1). As a consequence, embryonic H1s
are less positively charged than somatic H1s, which suggests
a weaker interaction with DNA. As a matter of fact, several
embryonic H1s have been shown to bind nucleosomes with
lower affinity and condense chromatin to a lower extent than
somatic H1s in vitro (Becker et al., 2005; Talasz et al., 1998;
Teranishi et al., 2004).
The functional properties of embryonic H1s remain largely
undetermined. Here, we have shown that in Drosophila, dBigH1
plays an essential role during early embryonic development in
preventing premature ZGA in both the soma and the germline.
The gene-expression program that governs embryogenesis
is tightly regulated, with specific sets of genes being sequentially
activated or repressed to induce specific developmental
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would alter this finely tuned genetic program and have strongly
deleterious effects, accounting for the observed high lethality
of the bigH1100 mutation. This lethality is largely constrained
to homozygous embryos that die at cellularization, suggesting
that it mostly results from defective precellular zygotic dBigH1
expression. Although it has been generally accepted that the
zygotic genome remains essentially silent before cellularization,
evidence for precellular zygotic phenotypes has been reported
for at least one gene (Karr et al., 1985), and precellular zygotic
expression of multiple genes was recently reported inDrosophila
(Ali-Murthy et al., 2013). Zygotic transcription during cleavage
stages has also been detected in echinoderms (Rinaldi and
Monroy, 1969), amphibians (Nakakura et al., 1987; Yang et al.,
2002), and zebrafish (Mathavan et al., 2005). Although our results
do not unambiguously establish the precise stage at which
zygotic dBigH1 expression takes place, several observations
support the hypothesis that it occurs during early blastoderm
development. First, significant RNApol II binding was detected
across the coding region in early 0–2 hpf embryos (Figure S5D),
which are mostly precellular. Furthermore, mutant bigH1100
embryos showing highly reduced dBigH1 content and mitotic
defects are most abundant around syncytial blastoderm stage
4 (Figure 5A), indicating that their zygotic defect occurs at this
stage. Finally, we observed increased adBigH1 staining in stage
4 embryos at nuclear cycle 12 in comparison with nuclear cycle
11, albeit with relatively low frequency (25% of WT embryos;
Figure S5E).
It was reported earlier that a deficiency uncovering dBigH1
does not show detectable defects prior to gastrulation (Mu¨ller
et al., 1999). As a matter of fact, no genes on 3R appear to be
required before cellularization (Merrill et al., 1988), which is in
contrast to the zygotic bigH1100 phenotype discussed above.
However, in the experiments by Mu¨ller et al. (1999) and Merrill
et al. (1988), deficiency embryos were generated with the use
of compound chromosomes and therefore carried a full
diploid maternal dBigH1 dose, whereas in our experiments the
mutant bigH1100 embryos carried roughly half of the maternal
dose because they were derived from heterozygous bigH1100
mothers. These observations suggest that the bigH1100 pheno-
type is also maternal, because the observed zygotic defects
appear to depend on the heterozygous genotype of themothers,
and that zygotic dBigH1 expression in heterozygous bigH1100
embryos rescues the maternal defects. We must also mention
that in this case, we could not perform a classical germline clone
analysis because dBigH1 is essential for gametogenesis in
both females and males, as zygotically rescued homozygous
bigH1100 flies are sterile and show gonads with strong develop-
mental defects and incomplete gametogenesis (not shown). Our
results also show that partial rescue of the maternal dBigH1
contribution to 80% of the WT content (Figure S5B) does not
significantly increase the viability of homozygous bigH1100 em-
bryos (Table 1), suggesting that it is not sufficient to rescue the
maternal defects. For a factor such as dBigH1, which is uniformly
distributed across the genome and thus is rapidly used up during
early embryogenesis, the maternal dose might be especially
crucial to guarantee functional levels throughout embryo-
genesis. It must also be noted that zygotic dBigH1 expression
appears to take place at late precellular stages, when theDevelopmenmaternal contribution is rapidly declining, and just before
replacement by dH1 occurs. In this regard, zygotic dBigH1
expression might be seen as a safeguard mechanism to ensure
completion of cellularization. Most likely, the relatively modest
rescue induced by ectopic zygotic dBigH1 expression (Table 1)
reflects the short time window in which zygotic dBigH1 must
be delivered to be functional. In this regard, the efficiency of
zygotic rescue would strongly depend on the actual GAL4 levels
available at this moment, so that changes in the maternal GAL4
dose would have a strong impact. This observation provides a
reasonable explanation for the low efficiency observed when
the rescue construct is provided maternally, since in this case,
GAL4 is heavily used to activate the construct in the ovaries.
Finally, it is uncertain whether a similar situation accounts for
the observed PGC defects, since there is no reported evidence
for zygotic expression in the PGC prior to cycle 14 (Siddiqui
et al., 2012; Van Doren et al., 1998). Furthermore, we observed
PGC defects in heterozygous embryos (not shown), albeit with
low frequency, suggesting a maternal effect. However, no major
fertility defects were observed in heterozygous bigH1100 females
or males, indicating that germline development was not seriously
impaired.
The mechanisms governing ZGA are not fully understood. In
this regard, our results strongly suggest that in Drosophila,
replacement of embryonic dBigH1 by somatic dH1 is an early
ZGA event. In fact, the zygotic genome does not appear to
become fully transcriptionally competent until somatic dH1 re-
places dBigH1. This replacement is likely to be highly regulated
since it occurs sequentially, first in euchromatin and later in het-
erochromatin, and appears to be regulated by phosphorylation,
as phosphorylated dBigH1 is not detected at cellularization
when dBigH1 is being replaced by dH1. Altogether, these obser-
vations suggest a model in which the presence of dBigH1 ren-
ders chromatin refractory to transcription, and replacement by
dH1 licenses the zygotic genome for activation. The molecular
mechanisms of dBigH1’s contribution to ZGA regulation, and
whether this contribution is conserved in other embryonic H1s,
remain to be determined. However, it is tempting to speculate
that increased acidic content, which is evolutionarily conserved,
is a main functional determinant of embryonic H1s. It is possible
that the presence of embryonic H1s modifies the electrostatic
surface of chromatin, affecting the binding of key regulatory
factors.
In summary, our results identify dBigH1 as the early embryonic
and germline-specific histone H1 variant of Drosophila, and
unveil its essential role in the early embryo. To our knowledge,
this study constitutes the first functional characterization of
the contribution of an embryonic H1 to development.EXPERIMENTAL PROCEDURES
Drosophila Stocks, Transgenic Flies, Mutants,
and Genetic Procedures
The bigH1100 mutation was obtained through conventional P-element mobili-
zation from the P{EP}CG3509G18579 line (Bloomington Stock Center), which
carries a P-element insertion in the 50 UTR of dBigH1. To characterize the
molecular defect of bigH1100, we sequenced the corresponding genomic
region obtained from bigH1100/P{EP}CG3509G18579 flies. As shown in Fig-
ure S5A, bigH1100 carries multiple nucleotide changes in the 50 UTR that
result in highly reduced dBigH1 levels, as shown by qRT-PCR and westerntal Cell 26, 578–590, September 30, 2013 ª2013 Elsevier Inc. 587
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S5B and S5C). When bigH1100was used to analyze the contribution of dBigH1
to early embryogenesis, mutant bigH1100 embryos were obtained from
crosses between bigH1100/TM6b parents and compared with control embryos
obtained from crosses betweenWT +/TM6b parents. Transgenic flies carrying
a UAS-dBigH1 construct were obtained by conventional methods. TM3-ftz-
LacZ, TM6b, ptc-GAL4, and GAL4-nos.NGT flies were obtained from the
Bloomington Stock Center.
Antibodies
Rabbit adBigH1 antibodies were raised against recombinant full-length
dBigH1 (His tagged) by conventional methods and affinity purified using
the same recombinant protein. The specificity of adBigH1 antibodies was
determined by western blot (Figures 1C, 4B, and S1B), immunostaining
(Figures 2 and S1C), and ChIP-qPCR (Figure 4C) experiments. In particular,
we performed immunostaining experiments in wing imaginal discs from
UAS-dBigH1; ptc-GAL4 flies, where we specifically induced ectopic dBigH1
expression at the anterior/posterior (A/P) border using a ptc-GAL4 driver. In
these experiments, adBigH1 reactivity was constrained to the A/P border
and no signal was detected in other regions or in the absence of dBigH1
expression (Figure S1C). Rabbit adH1was kindly provided byDr. J. Kadonaga.
Rabbit aDDP1 is described in Batlle et al. (2011). We also used the following
commercially available antibodies: rabbit aH3 (Cell Signaling 9715S), rabbit
aH4 (Abcam ab10158), rabbit agH2Av (Rockland 600-401-914), rabbit aPol
IIoSer2 (Abcam ab5095), mouse aPol IIoSer2 (Covance MMS-129R), rabbit
aPol IIoSer5 (Abcam ab5131), aLacZ (Promega Z-3781), andmouse ab-Tubulin
(Millipore 3408).
Protein Extracts
For western blot analyses, protein extracts were obtained from embryos
collected in peach juice plates and dechorionated with bleach 75% for
2 min, washed with PBS and 0.3% Triton, homogenized in SDS-PAGE
loading buffer, and prior to electrophoresis were supplemented with
b-mercaptoethanol and incubated at 95C for 10 min. Protein extracts from
ovaries and testis were obtained from whole gonads dissected in PBS and
homogenized in SDS-PAGE loading buffer.
MNase Digestion
For MNase digestion, embryos were collected in peach juice plates and de-
chorionated with bleach 75% for 2 min, washed with PBS and homogenized
in three volumes of buffer A (0.23 M sucrose, 15 mM Tris-HCl [pH 7.4],
60 mM KCl, 15 mM NaCl, 0.15 mM spermine, 0.5 mM spermidine, 0.2 mM
phenylmethylsulfonyl fluoride, 14 mM b-mercaptoethanol, 0.25 mM MgCl2).
The nuclei were then pelleted by centrifugation, washed three times with
buffer A, resuspended in one volume of buffer A without sucrose, and supple-
mented with 1 mM CaCl2, treated with MNase (Sigma) according to manufac-
turer’s instructions. After incubation at 37C for different times, 0.5 M EDTA
was added to stop the reaction. After digestion, DNA was purified and
analyzed by electrophoresis in 1% agarose-Tris-borate-EDTA gels. For IP,
nucleosomal particles obtained by MNase digestion were directly subjected
to IP with adBigH1 antibodies as described below, and the IP material was
directly analyzed by western blot and, after DNA purification, by agarose gel
electrophoresis.
Immunostaining Experiments
Immunostaining of embryos was basically performed as described previ-
ously (Huertas et al., 2004). In brief, embryos were collected in peach juice
plates at different times after fertilization, dechorionated with bleach 75%
for 2 min, fixed for 20 min in 47% heptane and 5.8% formaldehyde,
and devitellinized in MeOH. The embryos were then permeabilized in
PBS, 0.3% Triton; blocked in PBS, 0.3% Triton, 2% BSA; and incubated
at 4C overnight with the indicated antibodies. For visualization, slides
were mounted in Mowiol (Calbiochem-Novabiochem) containing 0.2 ng/ml
DAPI (Sigma) and visualized in a confocal microscope (Leica TCS SP2-
AOBS).
Immunostaining of wing imaginal disc, ovaries, and testes was basically
performed as described previously (Font-Burgada et al., 2008). In brief, tissues
were dissected in cold PBS and fixed for 10 min at room temperature in588 Developmental Cell 26, 578–590, September 30, 2013 ª2013 ElsPBS, 4% paraformaldehyde. After washing and blocking with PBS, 0.3%
Triton, 2% BSA, the samples were incubated at 4C overnight with the indi-
cated antibodies and visualized as indicated above.
ChIP Experiments
For ChIP experiments, embryos were collected in peach juice plates at
different times after fertilization and chromatin was prepared as previously
described (Ne`gre et al., 2006a, 2006b). In brief, embryos were homogenized
in 5 ml of buffer B (60 mM KCl, 15 mM NaCl, 15 mM HEPES [pH 7.6], 4 mM
MgCl2, 0.5 mM dithiothreitol [DTT], 0.5% Triton X-100, and protease inhibi-
tors) and crosslinked with 1.8% formaldehyde at room temperature. After
15 min, glycine was added to a final concentration of 225 mM and cross-
linked chromatin was washed three times with buffer B and once with buffer
C (140 mM NaCl, 15 mM HEPES [pH 7.6], 1 mM EDTA, 0.5 mM EGTA, 0.1%
sodium deoxycholate, 0.5 mM DTT, 1% Triton X-100, and protease inhibi-
tors). The chromatin was resuspended in 0.5 ml of buffer C, 0.1% SDS,
and 0.5% N-lauroylsarcosine, incubated for 10 min at 4C in a rotating
wheel, and sonicated for 20 min in a Bioruptor sonifier to obtain fragments
of 200–1,000 bp. The crosslinked chromatin was precleared with 35 ml of
50% (v/v) protein A-sepharose CL4B beads and then immunoprecipitated
with 1 ml of adBigH1 and adH1 antibodies in RIPA buffer (140 mM NaCl,
10 mM Tris-HCl [pH 8.0], 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1%
sodium deoxycholate, and protease inhibitors) using 35 ml of preblocked
50% (v/v) protein A-sepharose CL4B beads. As a negative control, mock
IPs with no antibodies added were carried out. To purify DNA, IP material
was incubated overnight at 65C in 0.5% SDS, 500 mg/ml proteinase
K. For ChIP-qPCR experiments, samples were analyzed according to the
DDCt method (see Supplemental Experimental Procedures for the primers
used). For ChIP-seq, library construction, sequencing, and bioinformatics
analyses were performed as previously described (Lloret-Llinares et al.,
2012).
qRT-PCR Experiments
For qRT-PCR experiments, RNA was prepared from embryos and ovaries
using Trizol reagent (Invitrogen) according to the manufacturer’s instructions
and purified using the RNeasy Mini Kit (QIAGEN). Total RNA (1 mg) was used
for complementary DNA (cDNA) synthesis. Reverse transcription was per-
formed using random hexamer primers with Transcriptor First Strand cDNA
Synthesis Kit (Roche). qRT-PCRs were run in triplicate in three independent
experiments. Expression data were normalized to b-Tubulin and analyzed
using the DDCt method (see Supplemental Experimental Procedures for
the primers used).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.devcel.2013.08.011.
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